Damage tolerant design is based on reliable fatigue crack growth methods for both high cycle and low cycle fatigue problems. While the Paris' law can be applied for estimate crack growth life in quasi-elastic materials, elastic-plastic fatigue crack growth needs more accurate computational models. In the past decade numerous cohesive zone models were proposed and investigated for predicting elastic-plastic fatigue crack growth. However, most cohesive zone models were used to reproduce fatigue crack growth with vanishingly small scale yielding and failed to predict low cycle fatigue crack growth with the finite plastic zone. In the present work a new CCZM is introduced for the high fatigue crack growth rate and attempting to give a uniform description from cyclic fatigue crack growth to elastoplastic rupture in ductile materials. The damage accumulation equation in the cohesive model contains both monotonic damage as well as cyclic damage mechanism. Experimental verification was carried out in an austenitic stainless steel AISI 304 through fracture tests and fatigue crack growth tests of compact tension (CT) specimens under mode I and compact-tension shear (CTS) specimens under mixed mode loading conditions. Detailed finite element computations confirmed that the present cohesive zone model provides a uniform description for the whole fatigue crack growth regimes. The model parameters can be determined in the conventional CT specimens. The cohesive zone model has the potential to be applied for more complex structural failure analysis.
Introduction
Damage tolerant design is a key issue in aero structure design process. Most engineering estimates of the fatigue crack growth are based on the Paris' law under the assumption that the plastic behaviour of the material around the crack tip will not affect the crack growth process [1] . However, the material plasticity will change the fatigue performance and the fatigue crack growth can no longer be described by the Paris'-like models, if the crack growth rate becomes large, e.g. da/dN>10 -3 mm/cycle, or if the maximum stress intensity factor approaches the fracture toughness of the material.
Cohesive zone modeling provides alternative way to predict fatigue crack in ductile materials under elastoplastic loading conditions [3] [4] [5] [6] [7] [8] [9] . Establishing a physical sound cyclic cohesive zone model (CCZM) for the finite fatigue life prediction is under intensive investigation in the past decade. A significant issue is in establishing damage evolution equations for different cyclic loading configurations and damage mechanisms, especially for elastic-plastic crack growth. Obviously, the loading-unloading path associated with the stiffness degradation plays an important role in cyclic cohesive zone modeling.
In the present work, a new cohesive zone model is developed for predicting fatigue crack growth in both Regime II and Regime III of the fatigue crack growth. Experiments of mode I and mixed-mode fatigue cracks are performed to verify the cohesive zone model. Much emphasis is put on examining the performance of CCZMs with plastic unloading. After model parameter identification from the CT specimens, the cohesive zone model is applied for predicting mixed-mode fatigue crack growth in the CTS specimens.
Cohesive zone models
The cohesive zone model (CZM) is introduced to characterize material failure around the crack tip [3] [4] [5] [6] [7] [8] [9] . In simulation of fatigue crack growth the cyclic cohesive zone model (CCZM) has to be able to consider both ductile failure and accumulative fatigue damage, which builds the significant difference from the conventional CZM for rupture. The CCZM should characterize different damage evolution mechanisms for fatigue crack growth in metallic materials: monotonic damage due to high plastic deformations and cyclic damage from repeated accumulative stress/strain cycles, that is, the damage can be decomposed into
where D m denotes the damage under monotonic loading and D c is introduced for fatigue damage and related to both inelastic deformations as well as loading cycles. D m exists in conventional cohesive zone model implicitly. The rupture under the monotonic loading condition is described by the cohesive law and D m can be calculated from the cohesive law directly. For instance, one of the conventional cohesive laws for monotonic rupture reads [8] T n = σ max,0 exp 1
where the normal traction T n is assumed to be a piecewise function depending upon the normal separation δ n . δ 0 is a characteristic length of the cohesive zone. σ max,0 is the initial cohesive strength used to identify the peak value of the normal traction. δ u denotes the maximum normal separation after which the normal traction vanishes. To represent the damage from the cohesive law, a simple linear damage evolution can be defined according to the softening in Eq.
(2) which describes the ductile fracture mechanism phenomenologically,
Above the Macaulay brackets <•> are used to signify the non-negative value of the damage increment. The Heaviside function H states that the damage initiates at the condition δ n >δ 0 .
The fatigue damage evolution equation suggested in [5] reasonably reflects the accumulative damage for ductile materials, which reads (4) where dΣ is the accumulated cohesive length used to scale the increment of the normal separation and .
σ f is the cohesive endurance limit. With evolutions of both damage variables, D m and D c , the interaction of rupture and fatigue can be considered in the cohesive law, which is effectively the current degraded cohesive envelope, which can be expressed as (5) with and . Both monotonic and cyclic damage affect the cohesive strength and solve the problem in [5, 7] with limitation of maximum loads in crack initiation and propagation simulation.
Accounting for the ductility of the steel AISI304, the crack tip opening is inevitably accompanied by the plastic deformation, thus upon unloading the material separation cannot be fully recovered, the corresponding unloading/reloading equation takes the incremental form as (6) with k n =σ max exp(1)/δ 0 . From the equation above the cohesive stiffness k n decreases with rising the damage, D. 
Identification of the model parameters
To identify the material model parameters of the cohesive zone model, two CT specimens of AISI 304 with slightly different initial crack lengths were tested at room temperature [10, 14] . The crack initial loads were found based on the compliance method. The critical J-integral was calculated by using finite element method, in comparing with experiments. It is carried out that the cohesive strength σ max,0 = 1330 MPa, the cohesive length δ 0 = 0.018 mm and δ u = 0.54 mm give the best prediction for the load-displacement curves of both specimens, as shown in Fig. 1 Experimental and computational fatigue crack growth results from the CT specimen are summarized in Fig. 2 . The figure contains only stable crack growth. The crack nucleation containing initial crack initiation is excluded in computations. Fatigue crack growth is accelerated as approaching the critical stress intensity factor ΔK c = (1-R)K c . The simulation result is assembled by the two loading levels and gives a better prediction for the experimental result especially at Regime III under the mode I condition.
The computational results agree with experimental data in the whole regimes II and III, as shown in Fig. 2 . Especially, the CCZM provides reliable computational prediction very near to K C , so that the present CCZM builds a uniform model for both fatigue and fracture crack simulation.
Computational prediction of mixed-mode fatigue crack
Differing from the mode I crack reported in the previous sections, the mixed-mode crack contains contributions from the shear stress around the crack tip. As shown in [6, 7] , the fatigue crack deflection angle of the CTS specimens changes relating to the loading angle, thus application of CCZM for mixed mode cracking has to include influence of the loading mixity. Xu and Yuan [6, 7] proposed a CCZM approach based on the normal stress failure, that is, the material fatigue is characterized by the normal stress only and the shear stress does not appear in the damage equation explicitly. The damage evolution is only driven by the normal traction with respect to the normal separation at the crack surface. Such consideration is consistent to the maximum tangential stress criterion [13] and is also coincident with the experiment observations that the crack growth is driven by the tensile stress with the mode I mechanism. Following this idea, the model parameters determined from the CT specimen can be applied to the CTS specimens and the crack direction is determined by the maximum tangential stress additionally. The corresponding stress intensity factors are calculated by using the virtual crack closure technique (VCCT) [11] . It is confirmed that the computational prediction agrees with experiments in Regime II. [2] . The computational predictions for the mixed-mode CTS specimens are based on the model parameters identified from the CT specimen. Special attention is devoted to fatigue crack growth in Regime III where the maximum applied stress intensity factor approaches the fracture toughness of the material. The results confirm that the cohesive zone model can cover the whole fatigue crack growth regimes II and III under both mode I and mixed mode loading configurations.
Conclusions
The cohesive zone models have been investigated for many years. However, rare quantitative experimental verifications have been published. In the present work, a new cyclic cohesive zone model for both monotonic and cyclic fatigue crack growth is introduced for an austenitic stainless steel AISI 304. The major concern of the present work is attempting to establish a cohesive zone model to describe low and high fatigue crack growth rates, especially fatigue cracks in the Regime III.
For characterizing material degradation, a scalar damage variable is decomposed into monotonic damage as well as cyclic damage. Interactions of the monotonic damage and cyclic accumulative damage are considered in the damage evolutions. Both damage evolutions have been verified by experiments and can characterize material damage around the crack tip properly.
Experimental tests performed in CT as CTS specimens of an austenitic stainless steel AISI 304 are performed for verification of the cohesive zone models. Detailed finite element computations confirm that the proposed cohesive zone model is able to describe both rupture and fatigue crack growth properly. The model gives a uniform characterization of Regime II and Regime III in the fatigue crack diagram. The mixed-mode fatigue crack simulation takes the advantage of the maximum tangential stress criterion and the cohesive zone model just considers normal failure in the computational prediction. The shear stress does not participate the material degradation explicitly in the cohesive zone modeling. The computational results agree with experimental data in whole fatigue diagram, just based on the model parameters identified from the CT specimens.
